Lupton JR, Chapkin RS. Synergy between docosahexaenoic acid and butyrate elicits p53-independent apoptosis via mitochondrial Ca 2ϩ accumulation in colonocytes.
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accumulation and apoptosis were inhibited by blockade of mitochondrial uniporter-mediated Ca 2ϩ uptake. In addition, Mito-Q, a mitochondria-targeted antioxidant, also blocked apoptosis induced by DHA and butyrate. In complementary experiments, rats were fed diets supplemented with either corn oil (control, contains no DHA) or fish oil (contains DHA). Colonic crypts were isolated and incubated with or without butyrate, after which the mitochondria-to-cytosol Ca 2ϩ ratio and crypt viability were measured. No significant difference (P Ͼ 0.05) in basal mitochondrial Ca 2ϩ levels was observed between fish oil-or corn oil-fed animals. In contrast, when fish oil was the dietary lipid source, crypts incubated with butyrate exhibited a significant increase (3.6-fold, P Ͻ 0.001) in mitochondrial Ca 2ϩ compared with corn oil plus butyrate treatment. On the basis of these data, we propose that the combination of DHA and butyrate compared with butyrate alone further enhances colonocyte apoptosis by inducing a p53-independent, oxidation-sensitive, mitochondrial Ca 2ϩ -dependent (intrinsic) pathway.
n-3 polyunsaturated fatty acids; chemoprevention; fish oil; fermentable fiber THE FREQUENCY OF COLON CANCER is increasing among people who migrate from low-incidence to high-incidence regions (26) . This variation in geographical incidence of colon cancer indicates that environmental factors, especially modifiable factors like diet and physical activity, play a major role in disease onset (26, 32) . Fat and fiber are two of the most widely investigated dietary components in the prevention of colon carcinogenesis. Currently, there is a plethora of experimental, epidemiological, and clinical evidence indicating that diets rich in n-3 polyunsaturated fatty acids (PUFA), e.g., docosahexaenoic acid (DHA, 22:6 ⌬4, 7, 10, 13, 16, 19 ) and eicosapentaenoic acid (EPA, 20:5 ⌬5, 8, 11, 14, 17 ) found in fish oil, are protective against colon tumorigenesis (3, 5, 12, 13, 16, 19, 22) . In contrast, dietary lipids rich in n-6 PUFA (found primarily in vegetable oils), e.g., linoleic acid (LA, 18:2 ⌬9,12 ), enhance the development of colon tumors (13, 22, 64) . Importantly, the typical Western diet contains 10 to 20 times more n-6 than n-3 PUFA (61) . There is also evidence that the consumption of fiber, a luminal source of butyrate, is chemoprotective against colorectal cancers (9, 39) . Although there is still debate challenging the premise that dietary fiber reduces colon cancer risk (1, 48, 49) , we have demonstrated that the chemoprotective/proapoptotic effect of n-3 PUFA is enhanced when a highly fermentable fiber, pectin (or its fermentation product butyrate), is added to the diet (13, 38, 42, 54) . This is significant because the transformation of colonic epithelium to carcinoma is in part associated with a progressive inhibition of apoptosis (13, 28, 58) . Hence, chemotherapeutic agents that restore the normal apoptotic pathways have the potential for effectively treating cancers that depend on aberrations of the apoptotic pathway to stay alive (24) . Along these lines, we have demonstrated that measurements of apoptosis have greater prognostic value to detect dietary effects on colon tumor incidence than do measurements of cell proliferation (4, 30) .
With regard to mechanisms of action, we have recently demonstrated that dietary DHA is incorporated into mitochondrial membrane phospholipids, thereby enhancing oxidative stress induced by butyrate metabolism (14, 29, 54) . We subsequently identified a pathway for the induction of apoptosis in colonic epithelium involving the synergistic enhancement of mitochondrial phospholipid hydroperoxides by these two bioactive molecules (42) . Our results indicate that the effects of individual chemoprotective nutrients (n-3 PUFA and butyrate) may not be as important as the nutritional combination. This may explain why a diet containing highly fermentable fiber is protective when fish oil is the lipid source (13, 54) . Ca 2ϩ is one of the most versatile universal signaling mediators of cellular apoptosis. Cumulative evidence indicates a central role for mitochondrial Ca 2ϩ accumulation in intrinsically mediated apoptosis (43, 46, 56) . Although the importance of the endoplasmic reticulum (ER) as the major storage organelle is indisputable, it has been known for some time that mitochondrial sequestration of large amounts of Ca 2ϩ contributes to cell death via apoptosis or necrosis (46, 47, 53) . Several lines of recent evidence suggest that apoptosis is induced in response to alterations in intracellular Ca 2ϩ compartmentalization and enhanced mitochondrial Ca 2ϩ accumulation (43, 46) . The mitochondrial uniporter, a Ca 2ϩ -selective ion channel present on the outer mitochondrial membrane, mediates rapid mitochondrial uptake of the Ca 2ϩ following release from ER stores (35, 43) . Furthermore, activation of the uniporter associated with a rise in mitochondrial Ca 2ϩ stimulates the generation of reactive oxygen species (ROS) and free fatty acids, which promote the opening of the permeability transition pore (PTP) (56, 62) . Opening of the PTP causes dissipation of the mitochondrial membrane potential and eventually the release of Ca 2ϩ . However, under certain circumstances, mitochondrial Ca 2ϩ accumulation acts as a trigger for release of proapoptotic molecules from the mitochondria that leads to execution of the cells (27) .
With accumulating evidence favoring a central role for mitochondrial Ca 2ϩ in cellular apoptosis, we determined the effect of DHA and butyrate on mitochondrial Ca 2ϩ levels. After we recently demonstrated using young adult mouse colonocytes that DHA and butyrate combination synergistically alters intracellular Ca 2ϩ compartmentalization by enhancing mitochondrial Ca 2ϩ accumulation through a storeoperated channel-mediated mechanism (36) , in this study our primary objective was to corroborate these novel findings utilizing human colonocyte cell lines and an in vivo rat model system. Since mitochondria and the p53 tumor suppressor gene play a critical role in damage-induced apoptosis (52, 57), we postulated that the combination of DHA and butyrate significantly enhances mitochondrial Ca 2ϩ accumulation and apoptosis in a p53-dependent fashion. To address this hypothesis, we used isogenic p53 wild-type and deficient human colon tumor (HCT-116) cell lines to determine the effect of DHA and butyrate on mitochondrial Ca 2ϩ levels. In addition, to establish the relevance of our in vitro observations, parallel experiments were conducted using intact crypts isolated from rats fed fish oil (contains DHA) or corn oil (contains no DHA, control) incubated with butyrate ex vivo. Data from these experiments recapitulated observations in the human cell lines, providing conclusive evidence that DHA (from fish oil) and butyrate enhance mitochondrial Ca 2ϩ accumulation, thereby enhancing the induction of apoptosis.
MATERIALS AND METHODS

Materials.
McCoy's 5A medium, GlutaMAX and Leibovitz medium were purchased from GIBCO BRL (Grand Island, NY). Hanks' balanced salt solution (HBSS) was from Mediatech (Herndon, VA). Fetal bovine serum (FBS) was purchased from Hyclone (Logan, UT). Fatty acids were obtained from NuChek Prep (Elysian, MN). Fluo-4 AM, rhod-2 AM, MitoTracker Green FM, and LIVE/DEAD viability/ cytotoxicity kit were purchased from Molecular Probes (Eugene, OR). RU-360 was purchased from Calbiochem (San Diego, CA). Mito-Q, a mitochondrion-targeted antioxidant, was a gift from Dr. Michael Murphy, Medical Research Council Dunn Human Nutrition Unit, Cambridge, UK. Cell death detection ELISA kit was obtained from Roche Applied Science (Indianapolis, IN). Two-well Lab-Tek chambered coverglass slides were purchased from Nunc (Naperville, IL). Precast 4 -20% Tris-glycine gels were from Invitrogen (Carlsbad, CA). Electroblotting polyvinylidene difluoride (PVDF) membranes were obtained from Millipore (Burlington, MA). Super Signal West Femto maximum sensitivity substrate was from Pierce (Rockford, IL). Primary rabbit anti-p53 antibody was obtained from Calbiochem (San Diego, CA) and peroxidase-conjugated goat anti-rabbit IgG secondary antibody was purchased from Kirkegaard & Perry (Gaithersburg, MD). Sodium butyrate, EDTA, and all other reagents were obtained from Sigma (St. Louis, MO).
Stock solutions of fluo-4 AM and rhod-2 AM were prepared in DMSO and diluted with medium to 3.0 and 2.0 M, respectively (final concentration of the vehicle DMSO was maintained at 0.1-0.3% in culture). RU-360 (1 mM stock) was prepared in degassed water and diluted to a final concentration of 10 M for cell treatment. Mito-Q stock (50 mM) was prepared in sterile water and a final concentration of 5 M was used for experiments. Fish oil for dietary experiments was obtained from Omega Protein (Houston, TX) and corn oil was purchased from Dyets (Bethlehem, PA).
Cell culture. Isogenic p53 wild-type (p53ϩ/ϩ) and p53-deficient (p53Ϫ/Ϫ) cell lines were obtained from Dr. Bert Vogelstein, Johns Hopkins University, Baltimore, MD (11) . HCT-116 cells were cultured in McCoy's 5A medium supplemented with 10% FBS and 2 mM GlutaMAX at 37°C in 5% CO 2. For all fluorescence measurements, p53ϩ/ϩ (passages 3-8) and p53Ϫ/Ϫ (passages 15-19) cells were seeded onto Lab-Tek two-well chambered coverglass slides at a density of 1.5 ϫ 10 5 for 72 h to achieve 50 -70% confluence. For apoptosis assays, cells were seeded onto 35-mm cell culture dishes or six-well plates at a density of 3.5 ϫ 10 4 . BSA-complexed fatty acids were added to cultures 24 h after cell plating as previously described (23) . Select cultures were treated with DHA (22:6, n-3) or LA (18:2, n-6) (50 M) for 72 h. Cells were coincubated with sodium butyrate (0. 5 mM) in McCoy's 5A medium for the final 6, 12, or 24 h of fatty acid pretreatment.
Analysis of mitochondrial Ca 2ϩ . Cells treated with fatty acid and butyrate were washed with Leibovitz medium and coloaded with 3 M fluo-4 AM and 2 M rhod-2 AM for 1 h at 37°C. For quantification of fluo-4 and rhod-2 fluorescence, excitation wavelengths of 488 and 550 nm were used and fluorescence emission was monitored at 530 and 580 nm, respectively. Ten-15 areas with 20 -25 cells per area and 4 -8 wells per treatment were imaged and the ratio of mitochondrial-to-cytosolic Ca 2ϩ level was calculated. Cells or crypts were analyzed with a Zeiss Stallion Dual Detector Imaging workstation (Carl Zeiss Microimaging, Thornwood, NY) equipped with a 300-W xenon fluorescent light source with rapid switching (Ͻ2 ms) between excitation wavelengths. Images were collected via a ϫ20 objective (0.75 numerical aperture) and a ROPER CoolSnap HQ camera. Fluo-4 calibration was performed using the Calcium Calibration buffer kit 2 (Molecular Probes) as previously described (36) . In select experiments, MitoTracker Green FM was used to confirm the subcellular localization of rhod-2 fluorescence (10). MitoTracker Green is a green-fluorescent mitochondrial stain that localizes in the mitochondria regardless of membrane potential. This probe has an added advantage in that it is essentially nonfluorescent in aqueous solution, only becoming fluorescent when it accumulates in the lipid environment of the mitochondria. In addition, to confirm that rhod-2 fluorescence corresponded to mitochondrial Ca 2ϩ accumulation, experiments were performed in cultures incubated with RU-360 (10 M), an inhibitor of the mitochondrial uniporter, for 30 min prior to butyrate cotreatment (2) . Cells were subsequently washed and treated with fatty acid and butyrate for the final 6, 12, or 24 h following which the mitochondrial-to-cytosolic Ca 2ϩ ratio was determined by fluorescence microscopy. Mitochondrial-to-cytosolic ratio refers to relative fluorescence intensities of Rhod-2 to Fluo-4.
Apoptosis assay. Apoptosis was measured by cellular fragmentation ELISA (Roche). Floating cells were washed, lysed, and centrifuged to sediment nuclei. Supernatants containing mono-and oligonucleosomes were incubated with substrate and subsequently analyzed by ELISA as previously described (23) . To determine the association between mitochondrial Ca 2ϩ and apoptosis, select cultures were preincubated with RU-360 (10 M) for 30 min prior to butyrate exposure. Cells were washed and treated with 5 mM butyrate and apoptosis was measured following a 6-, 12-, or 24-h incubation period. To determine the involvement of oxidative stress in fatty acid-and butyrate-induced apoptosis, select cultures were preincubated with 5 M Mito-Q for 1 h prior to butyrate treatment as previously described (42) . Cells were then treated with fatty acid and 5 mM butyrate for an additional 12 h and apoptosis was quantified.
Western blotting. Cell lysates from p53ϩ/ϩ or p53Ϫ/Ϫ cells were immunoblotted with p53 antibody by the method of Davidson et al. (21) . Briefly, samples were treated with SDS sample buffer and subjected to electrophoresis in 4 -20% precast Tris-glycine mini-gels. After electrophoresis, proteins were electroblotted onto a PVDF membrane by use of a Hoefer Mighty Small Transphor unit (Pharmacia, Piscataway, NJ) at 400 mA for 75 min. Following transfer, the membrane was incubated with rabbit anti-p53 antibody overnight at 4°C, followed by peroxidase-labeled goat anti-rabbit IgG incubation for 1 h at room temperature. Bands were developed by using Super Signal West Femto maximum sensitivity substrate, and blots were scanned with a Bio-Rad Fluor-S Max MultiImager system (Hercules, CA).
Animals and diets. Animal use was approved by the University Animal Care Committee of Texas A&M University and conformed to National Institutes of Health (NIH) guidelines. Male weanling (28-day-old) Sprague-Dawley rats (n ϭ 60) were housed individually in raised wire cages. The animals were maintained in a temperature-and humidity-controlled animal facility with a daily 12-h light and 12-h dark photocycle as previously described (54) . Rats were acclimated for 1 wk prior to receiving semipurified experimental diets. The animals were weighed before the start of the diet and were randomly assigned to the experimental diets (n ϭ 15 rats/diet) so that the mean initial body weights did not differ between the two diet groups. Rats were placed on experimental diets for 3 wk Ϯ 3 days. The experimental diet composition is described in Supplemental Tables S1 and S2. The experimental diets differed only in the type of fat (corn oil or fish oil). The major differences among the fatty acid composition of the dietary lipid sources were significantly higher amounts of EPA (20:5n-3) and DHA (22:6n-3) in the fish oil compared with corn oil diet and higher amounts of linoleic acid (LA, 18:2n-6) in the corn oil diet (22, 67) . Each diet contained 15% dietary fat by weight and 6% dietary fiber by weight. Cellulose, a poorly fermentable fiber, was chosen as the source of fiber. The fish oil diet contained 3.5 g of corn oil/100 g diet to prevent essential fatty acid deficiency. Food and water were freely available to the animals at all times. To minimize fatty acid oxidation, diets were stored at Ϫ80°C and fresh food was provided every 24 h.
Isolation of colonic crypts. Following the feeding period, rats were killed by CO 2 asphyxiation and cervical dislocation. The colon was removed and the colonic crypts were isolated as described previously (29, 66) with slight modification. Briefly, the colon was flushed with PBS to remove feces and incubated at 37°C in Ca 2ϩ and Mg 2ϩ -free HBSS containing 25 mM dithiothreitol, 0.1% fatty acid-free BSA, 1 mM glutamine, and 30 mM EDTA to dislodge crypts from the colonic extracellular matrix. The incubation buffer was developed to minimize the generation of crypt fragments and to reduce mucin levels, thereby improving image background. Following a 15-min incubation period with gentle shaking, the mucosa was gently removed with a rubber cell scraper and intact crypts were isolated. Subsequently, crypt suspensions were centrifuged at 100 g for 3 min, the supernatant discarded and the pellet gently resuspended in HBSS. The centrifugation step was repeated three times. Crypts were then resuspended in Leibovitz medium and immediately analyzed. The time elapsed from animal termination to image capture did not exceed 70 min. The isolation time period was optimized on the basis of preliminary experiments that demonstrated that crypt viability decreased after 120 min.
Measurement of mitochondrial-to-cytosolic Ca 2ϩ ratio in primary culture. Isolated colonic crypts were incubated with or without 5 mM butyrate in Leibovitz medium for 30 min at 37°C as we have previously described (29) . The ex vivo incubation of intact crypts Ϯ butyrate allowed for comparison without the confounding effects of animal-to-animal variability. Crypts were subsequently coloaded with fluo-4 AM and rhod-2 AM for 30 min and imaged, and the ratio of mitochondrial-to-cytosolic Ca 2ϩ was determined as described above. A total of 10 -15 areas with intact crypts were imaged for each sample. This ratiometric technique is well suited for studying significant differences between treatments because it minimizes the variability in dye loading and changes in the size or shape of the crypts.
Crypt cell viability was evaluated in each sample following Ca 2ϩ measurement. For this purpose, crypt pellets were coloaded with ethidium homodimer-1 and calcein AM (Invitrogen). Live cells have ubiquitous intracellular esterase activity and convert nonfluorescent calcein AM to a highly fluorescent calcein that is retained inside the live cell to emit a uniform green signal. Ethidium homodimer-1 enters cells with a damaged plasma membrane and is excluded by the intact plasma membrane of viable cells. Therefore, ethidium homodimer-1 enters dead cells with a compromised plasma membrane and undergoes a 40-fold enhancement in fluorescence to produce a bright red fluorescence differentiating it from viable green cells. Statistical analysis. The effect of independent variables (treatment effects) was assessed by SuperAnova. Differences among means were determined by t/F type tests of contrast. P values Ͻ0.05 were considered to be statistically significant. In primary culture experiments, to determine whether the ratios of the mitochondrial-to-cytosolic Ca 2ϩ level varied with diet treatments, the linear mixed effect model (50) was performed using the "nlme" procedure within the statistical software R (51). A subject-level random effect was modeled to account for similarity of measurements collected from the same rat. The main fixed treatment effects considered in the model include oil (corn vs. fish oil), fiber (with and without butyrate) and fat-butyrate interactions. Furthermore, ratios of the mitochondrial-to-cytosolic Ca 2ϩ level were considered at the log-scale to reduce potential effects of outlying observations at the right tail of the data distribution. Several inferential statistical analyses within the mixed effects modeling framework were utilized to examine the effect of diet on the mitochondria-to-cytosolic Ca 2ϩ ratio.
RESULTS
Effect of fatty acid and butyrate cotreatment on induction of apoptosis in p53 wild-type and p53 null colonic cell lines. The role of fatty acid and butyrate cotreatment on cellular apoptosis was initially investigated. For this purpose, p53ϩ/ϩ and p53Ϫ/Ϫ cells (Supplemental Fig. S1 ) were harvested following fatty acid (50 M) and butyrate (5 mM) cotreatment and analyzed by TUNEL assay. These levels are considered physiologically relevant because they fall well within the ranges of blood and intestinal lumen levels (18, 39) . Butyrate coincubation with DHA in p53ϩ/ϩ cells induced a 655 and 85% increase in apoptotic index compared with untreated control and to LA (control, n-6 PUFA) and butyrate-treated cells, respectively (Fig. 1A) . Similarly, isogenic p53Ϫ/Ϫ cells exhibited a 200% increase in apoptosis compared with untreated control and a 39% increase relative to LA-and butyrate-treated cells (Fig. 1B) . In comparison, control cultures containing either DHA or LA alone, in the absence of butyrate, had no effect on apoptosis (Fig. 1, inset) .
Effect of DHA and butyrate cotreatment on intracellular Ca 2ϩ levels. Since mitochondria are key organelles involved in the regulation of cell death and intracellular Ca 2ϩ homeostasis, we measured the ratio of mitochondrial-to-cytosolic Ca 2ϩ ratio in individual cells. DHA-pretreated p53ϩ/ϩ and p53Ϫ/Ϫ cells demonstrated an elevated mitochondrial-to-cytosolic Ca 2ϩ ratio compared with LA pretreated and untreated control cells at 6, 12, and 24 h of butyrate cotreatment (Fig. 2) . Butyrate cotreatment for 6 h, increased (P Ͻ 0.0001) the mitochondrial-to-cytosolic Ca 2ϩ ratio in cells incubated with DHA by 43 and 57% compared with untreated or LA-and butyrate-cotreated p53ϩ/ϩ cells, respectively ( Fig. 2A) . Similarly, p53Ϫ/Ϫ cells treated with DHA ϩ butyrate exhibited a 44 and 22% increase in mitochondrial Ca 2ϩ levels compared with LA ϩ butyratetreated and untreated cells, respectively (Fig. 2B) . In addition, following a 12-h incubation with butyrate, DHA increased (P Ͻ 0.0001) mitochondrial Ca 2ϩ by 31% compared with untreated control in p53ϩ/ϩ cells ( Fig. 2A) . In contrast to DHA-treated cultures, cells incubated in the presence of LA showed no change in the mitochondrial-to-cytosolic Ca 2ϩ ratio compared with untreated cells. The p53Ϫ/Ϫ exhibited a similar pattern of response (Fig. 2B) . For comparative purposes, 24 h butyrate cotreatment was also examined. Consistent with (KO) ; B] were exposed to 50 M fatty acid for 72 h in the presence of 5 mM butyrate for the final 6, 12, or 24 h. The p53ϩ/ϩ cells were pretreated with 50 M fatty acid in the presence or absence (A, inset) of 5 mM butyrate for the final 12 h following which mitochondria-to-cytosolic Ca 2ϩ (Mito:Cyto Ca 2ϩ ) was measured. Cells were coloaded with fluo-4 AM (3 M) and rhod-2 AM (2 M) and the ratio of mitochondria-to-cytosolic Ca 2ϩ was evaluated as described in the MATERIALS AND METHODS. Data represent means from a representative experiment, n ϭ 3 independent experiments, n ϭ 20 -35 cells per treatment per experiment. A significant (P Ͻ 0.001) difference between the combination of LA with butyrate and DHA with butyrate was observed for both cell lines starting from 6 h. In p53ϩ/ϩ cells, butyrate-only treatment did not show any difference compared with untreated cells. DHA or LA in the absence of butyrate did not show any significant difference in the ratio of mitochondrial-to-cytosolic Ca 2ϩ ratio. OE, DHA ϩ butyrate, F, LA ϩ butyrate, ■, control. *DB Ͼ LB and C, P Ͻ 0.001. Bars not sharing a common letter are significantly different at P Ͻ 0.05. . Data demonstrate that DB significantly enhanced apoptotic index compared with the other treatment groups whereas fatty acid only had no effect. Bars not sharing a common letter are significantly different at P Ͻ 0.05. observations made at earlier time points, DHA enhanced the mitochondrial-to-cytosolic ratio by 30 and 75% compared with LA and butyrate treatment in p53ϩ/ϩ ( Fig. 2A) and p53Ϫ/Ϫ cells (Fig. 2B) , respectively. Control cultures (24 h) containing butyrate in the absence of fatty acid did not exhibit a significant difference in mitochondrial Ca 2ϩ compared with untreated p53ϩ/ϩ cells ( Fig. 2A, inset) . The p53ϩ/ϩ cells treated with DHA in the absence of butyrate did not demonstrate any significant difference in mitochondrial-to-cytosolic Ca 2ϩ ratio compared with LA-pretreated cells (Fig. 2A inset) . In contrast, butyrate-treated cells incubated with DHA exhibited a significantly higher (P Ͻ 0.0001) mitochondrial-to-cytosolic Ca 2ϩ ratio. Similar trends were observed in p53ϩ/ϩ cells (data not shown).
Effect of a mitochondrial uniporter inhibitor (RU-360) on intracellular Ca
2ϩ levels. To investigate the role of the mitochondrial uniporter in Ca 2ϩ uptake, cells were treated with RU-360, an inhibitor of the mitochondrial Ca 2ϩ uniporter. Since the combination of DHA and butyrate maximally induced apoptosis and mitochondrial Ca 2ϩ ( Figs. 1 and 2) , only control vs. LA ϩ butyrate and DHA ϩ butyrate treatments were examined. As expected, RU-360 (10 M) partially inhibited the butyrate-induced increase in mitochondrial Ca 2ϩ in DHA primed cells by 58 and 62% (P Ͻ 0.001) in p53ϩ/ϩ (Fig. 3A) and p53Ϫ/Ϫ cells (Fig. 3B) , respectively. In comparison, RU-360 had no significant effect on mitochondrial Ca 2ϩ levels in both LA and butyrate-treated and untreated p53ϩ/ϩ or p53Ϫ/Ϫ cells.
Inhibition of the Ca 2ϩ uniporter partially suppresses the induction of apoptosis following DHA and butyrate cotreatment. The relationship between mitochondrial Ca 2ϩ homeostasis and cellular apoptosis was examined by quantifying apoptosis following the blockade of mitochondrial Ca 2ϩ uptake. For this purpose, select p53ϩ/ϩ and p53Ϫ/Ϫ cultures were treated with RU-360. Results obtained in experiments with butyrate (12 h) following DHA or LA cotreatment are shown in Fig. 4 . RU-360 significantly (P Ͻ 0.0001) reduced apoptosis by 47% in DHA and butyrate-pretreated p53ϩ/ϩ cells compared with those preincubated with DHA and butyrate only (Fig. 4A) . Similarly, p53Ϫ/Ϫ cells exhibited a 44% decrease (P Ͻ 0.0001) in apoptosis in the presence of RU-360 (Fig. 4B) . In contrast, inhibition of the uniporter had no significant effect on cells treated with LA ϩ butyrate or untreated cultures in both cell types. Taken together, these results demonstrate that mitochondrial Ca 2ϩ uptake is required for the enhanced apoptosis associated with DHA and butyrate cotreatment.
Mitochondria-specific antioxidant, Mito-Q, inhibits apoptosis induced by DHA and butyrate cotreatment. To probe the association of mitochondrial oxidative stress with the induction of apoptosis, select p53ϩ/ϩ and p53Ϫ/Ϫ cultures were treated with 5 M Mito-Q for 12 h in the presence of butyrate and fatty acid. Mito-Q significantly decreased apoptosis (P Ͻ 0.0001) in DHA and butyrate-cotreated cultures by 40% in p53ϩ/ϩ cells and 26% in p53Ϫ/Ϫ cells (Fig. 5) . Mito-Q also inhibited apoptosis in LA and butyrate-treated cultures by 32 and 39% in p53ϩ/ϩ and p53Ϫ/Ϫ cultures, respectively (Fig.  5) . In contrast, Mito-Q had no effect on untreated cell cultures. Collectively, these results suggest that mitochondrial-derived ROS production may in part mediate fatty acid and butyrateinduced colonocyte apoptosis.
Mitochondrial-to-cytosolic Ca 2ϩ ratio increases in colonic crypts isolated from rats fed fish oil followed by butyrate incubation ex vivo. Intact colonic crypts isolated from rats fed experimental diets containing either LA (corn oil) or DHA (fish oil) were incubated with fluo-4 AM and rhod-2 AM (Fig. 6A) for the purpose of imaging mitochondrial-to-cytosolic Ca 2ϩ responses following incubation with butyrate (5 mM) ex vivo. Only crypts that exhibited higher than 85% cell viability were included in the analysis (Fig. 6B) . Dietary fat composition did not significantly (P ϭ 0.52) influence the basal mitochondrialto-cytosolic Ca 2ϩ ratio (Fig. 6C) . In contrast, butyrate treatment and dietary lipid-butyrate interactions in the main model were significant; both P values Ͻ 0.0001. A significant de- Fig. 3 . Effect of a mitochondrial uniporter inhibitor (RU-360) on mitochondrial Ca 2ϩ levels following fatty acid and butyrate cotreatment. The p53ϩ/ϩ cells (A) and p53Ϫ/Ϫ (B) were pretreated with fatty acid for a total of 72 h and RU-360 (10 M) (hatched bars) for 30 min prior to butyrate cotreatment for the last 12 h. Cells were coincubated with fluo-4 AM (3 M) and rhod-2 AM (2 M) for 1 h and the mitochondrial-to-cytosolic Ca 2ϩ ratio was measured. Data represent means Ϯ SE from a representative experiment, n ϭ 2 independent experiments, n ϭ 20; 40 cells per treatment per experiment. Note that RU-360 partially reversed the effects of the combination treatment (DHA and butyrate) on the intracellular Ca 2ϩ ratio in both cell lines. Bars not sharing a common letter are significantly different at P Ͻ 0.05. crease in mitochondrial-Ca 2ϩ -cytosolic ratio was seen in crypts from animals fed corn oil incubated in the presence of butyrate. However, the colonic crypts from fish oil-fed animals incubated in the presence of 5 mM butyrate for 30 min exhibited a 3.6-fold increase (P Ͻ 0.001) in the mitochondrial-to-cytosolic Ca 2ϩ ratio compared with crypts incubated with butyrate isolated from corn oil-fed animals (Fig. 6D) . These data demonstrate that DHA ϩ butyrate combination enhances mitochondrial Ca 2ϩ stores in primary rat crypt cultures.
DISCUSSION
The in vivo molecular mechanisms underlying n-3 PUFAinduced apoptosis in the colon are just emerging (15) . Furthermore, it is unclear whether observations derived from specialized cell lines accurately reflect endogenous cellular mechanisms. In the present study, we compared the effects of dietary fish vs. corn oil, enriched in DHA (22:6n-3) and LA (18:2n-6), respectively, in combination with butyrate, on mitochondrial Ca 2ϩ accumulation in primary colon crypt cultures and in human colonocyte tumor cell lines. Furthermore, our studies examined the relationship between the p53 tumor suppressor gene and mitochondrial Ca 2ϩ signals with regard to the induction of colonocyte apoptosis in HCT-116 cells. The present data reveal that 1) the combination of DHA and butyrate enhance apoptosis by stimulating mitochondrial Ca 2ϩ accumulation in a p53-independent manner; 2) blockade of the mitochondrial uniporter inhibits Ca 2ϩ -induced colonocyte apoptosis; 3) suppression of mitochondrial oxidative stress with a mitochondria-targeted antioxidant partially inhibits apoptosis; and 4) butyrate incubation with primary colonic crypts isolated from fish oil-fed animals increases mitochondrial Ca 2ϩ stores compared with cultures from corn oil-fed animals.
We initially investigated whether p53 plays an essential role in DHA and butyrate-induced apoptosis. This is significant because inactivating mutations in this tumor suppressor gene occur in ϳ50% of all colon tumors (44, 59) . Existing data suggest that apoptosis can be mediated by the induction of the p53-regulated modulator PUMA (45, 57, 63) , a mitochondrial protein (41, 65) . Given the central role of mitochondria in the commitment to apoptosis, we hypothesized that DHA and butyrate interactively promote p53-dependent apoptosis by triggering changes in mitochondrial Ca 2ϩ levels that contribute to caspase activation and colonocyte cell death. We used isogenic p53 wild-type and deficient human colon tumor (HCT-116) cell lines to determine whether chemoprotective nutrients modulate intracellular Ca 2ϩ compartmentalization to induce colonocyte apoptosis. The results confirm and extend our previous observations (36, 42) and demonstrate that DHA and butyrate synergistically enhance mitochondrial Ca 2ϩ accumulation, which serves as a trigger for apoptosis in a p53-independent manner. Consistent with previous observations (12, 29, 30, 54) , our data demonstrate that pleiotropic bioactive components generated by fermentable fiber (butyrate) and fish oil (DHA) act synergistically to enhance apoptosis. This is noteworthy because it has now been clearly established that the transformation of colonic epithelium to carcinoma is in part associated with a progressive inhibition of apoptosis (4, 28, 58) . Hence, chemotherapeutic agents in combination that restore the normal apoptotic pathways have the potential for effectively reducing cancer risk (24, 55) . Although it has been well documented that butyrate is an inhibitor of histone deacetylases and can activate the Fas receptor-mediated extrinsic death pathway (23, 60, 66) , the role of these mechanisms in the induction of colonocyte apoptosis may be a secondary consequence of its ability to promote cellular oxidation (40, 42) . For example, serving as the primary energy source for colonic epithelial cells, butyrate induces cellular ROS generation (8, 42) . This is relevant because DHA compared with LA is oxidatively susceptible primarily because of its high degree of unsaturation (14, 25, 29) . Consistent with this hypothesis, the combined effects of fatty acid and butyrate-induced apoptosis were partially blocked by coincubation with a mitochondrially targeted antioxidant, Mito-Q (34). Mito-Q reduces colonocyte lipid oxidation induced by butyrate in the presence of fatty acids (42) . These data are noteworthy because lipid peroxidation can directly trigger the release of proapoptotic factors from mitochondria into the cytosol (7, 33) . Current experiments are exploring whether other long-chain fatty acids, e.g., EPA, when combined with butyrate can perturb intracellular Ca 2ϩ and induce apoptosis in colonocytes.
The overloading of mitochondrial Ca 2ϩ can activate the mitochondrial transition (MPT) pore and trigger a series of events culminating in cellular apoptosis (17, 31, 37) . Since we have previously observed that butyrate and DHA treatment dissipate the MPT and enhance apoptosis in vitro (42) and in vivo (29), we determined the effect of cotreatment on mitochondrial Ca 2ϩ homeostasis. Interestingly, the combination of DHA and butyrate maximally increased intramitochondrial Ca 2ϩ levels at 6, 12, and 24 h in p53ϩ/ϩ and p53Ϫ/Ϫ cells. With regard to the biological relevance of this effect, the magnitude of the changes in intramitochondrial Ca 2ϩ levels are consistent with previous observations in apoptotic cells (6, 43) . Butyrate cotreatment (12 h) in DHA-vs. LA-incubated cells also increased apoptosis in both p53ϩ/ϩ and p53Ϫ/Ϫ cells. RU-360, a mitochondrial Ca 2ϩ uniporter inhibitor (2), attenuated (P Ͻ 0.05) DHA and butyrate-induced mitochondrial Ca 2ϩ accumulation and apoptosis by ϳ40% in all cell culture models. Along these lines, we have previously demonstrated that butyrate induces colonocyte apoptosis via a Fas receptormediated extrinsic pathway (23) . In an extension of our findings, we demonstrate for the first time that the combination of DHA and butyrate, compared with LA and butyrate, enhances apoptosis by additionally recruiting a p53-independent, oxidation-sensitive, mitochondrial Ca 2ϩ -dependent (intrinsic) apoptotic pathway in colonocytes. This could in part explain why the combination of dietary fish oil (containing DHA) and pectin (fermented to butyrate in the colonic lumen) reduces aberrant crypt and tumor formation in the colon (12, 13, 22, 29, 54 ; Covert KL, Sanders LM, Hong MY, Taddeo S, Turner ND, Chapkin RS, Lupton JR, unpublished observations).
To address the physiological relevance of our observations, an in vivo proof-of-principle experiment was conducted. For this purpose, intact viable colonic crypts were isolated from rats fed diets containing either DHA or LA. Crypts were labeled with appropriate fluorescent probes to simultaneously measure cytosolic and mitochondrial Ca 2ϩ pools. Having previously demonstrated using this model system that crypts from rats fed fish vs. corn oil incubated with butyrate ex vivo more readily undergo apoptosis (29), we hypothesized that primary crypt cultures enriched in DHA would exhibit an increase in mitochondrial Ca 2ϩ following incubation with butyrate. Although no significant difference in the basal mitochondrial-tocytosolic Ca 2ϩ ratio in colonic crypts from fish oil or corn oil-fed animals was noted, the addition of butyrate to primary cultures induced mitochondrial Ca 2ϩ accumulation exclusively in animals fed fish oil. In addition, a decrease in the mitochondrial-Ca 2ϩ -cytosolic ratio was noted in crypts from animals fed corn oil coincubated with butyrate vs. corn oil only (control) crypts. To our knowledge, this is the first report ever to measure mitochondrial Ca 2ϩ in primary culture. Overall, the mitochondrial Ca 2ϩ data are consistent with previous in vivo results indicating that colon crypts from fish oil or purified DHA ethyl ester-fed rats exposed to butyrate exhibit increased apoptosis, i.e., decreased mitochondria membrane potential, elevated cytochrome c translocation to cytosol, and caspase 3 activation (29) .
In summary, our results indicate that DHA and butyrate work coordinately in the colon to trigger a previously unrecognized proapoptotic cycle involving p53-independent, mitochondrial Ca 2ϩ loading. This is noteworthy in view of the search for toxicologically innocuous cancer chemoprevention approaches that are free of safety problems intrinsic to drugs administered over long periods of time.
